were obtained in a second Pitx2-expressing cell line detected, but ␤-catenin was now present on the Pitx2 promoter ( Figure 2F ). These data suggest that Pitx2 is (C2C12, data not shown). In the absence of lithium chloride, LEF1 can function as an inhibitor, relieved by either a direct target of the Wnt/Dvl pathway, and single cell nuclear microinjection ␣LEF1 specifically blocks stimulithium chloride or nuclear microinjection of ␣HDAC1 IgG ( Figure 2E) (Billin et al., 2000) . lation of a Pitx2/LacZ reporter by LiCl (data not shown). Interestingly, the 5Ј regulatory regions of the human Pitx2 gene contain perfect consensus TCF/LEF rePitx2 Ϫ/Ϫ Mice Exhibit a Proliferation Defect in Cardiac Neural Crest and Rathke's Pouch sponse elements. Addition of LiCl or ␤-catenin c expression caused an induction of the Pitx2 promoter in tranTo determine whether the actions of Pitx2 in cardiac neural crest reflected, at least in part, a proliferative sient transfection assays (data not shown). We cloned and determined the sequence of the murine Pitx2 prodefect, we performed BrdU pulse-labeling experiments on e9-e11 embryos and analyzed ␤-gal /BrdU colocalimoter and established that two TCF/LEF response elements were conserved in the mouse promoter, one idenzation. As shown in Figure 3A , there was a marked decrease in BrdU labeling of cells that normally express tical with the human promoter sequence ( Figure 2F Conversely, ␣Pitx2 had no effect on proliferation in these cells ( Figure 4H ). These data demonstrate that inhibition of cell proliferation by ␣Pitx2 is a specific effect obPitx2 Regulates Cell-Autonomous Proliferation served only in cell types that normally express Pitx2. In Acting in G1 order to estimate the time in the cell cycle, at which Pitx2 Based on genetic evidence linking Pitx2 to proliferation might act in regulating cell proliferation, synchronized in several organ systems, we next investigated whether C2C12 cells were serum-treated and the effect of nuPitx2 might serve a cell-autonomous role directly reguclear microinjection of ␣Pitx2, or preimmune, was aslating proliferation of cells in which it is expressed. Besessed at various times following serum addition. ␣Pitx2 cause Pitx2 is highly expressed in a subpopulation of effectively inhibited BrdU incorporation for 6-8 hr; howPax3 ϩ migratory muscle precursor cells at e10.5 (Figure ever, by 9 hr after serum stimulation, ␣Pitx2 was no 4A), and in pituitary, we could address this issue in both longer effective at inhibiting BrdU ( Figure 4I ). Therefore, the well-characterized C2C12 murine myoblast cell line, Pitx2 serves as a transcriptional regulator in early to late which can be induced to differentiate by withdrawal of G1 in cells in which it is expressed. mitogens ( Figure 5C ). Similarly, there was no effect of expressing Pitx2 N terminus (data not shown). Nuclear microinjection of ␣Cyclin D2 and ␣Cyclin D1 IgG significantly inhibited serum-dependent BrdU incorporation in C2C12 cells, consistent with their roles in G1 progression ( Figure 5D ). at much decreased levels at 60-90 min, and again robustly at 120 min ( Figure 6A ). CBP/p300 were clearly recorded at 30 min but declined markedly by 60 min and subsequently were undetectable ( Figure 6A ). nuclear microinjection assay in C2C12 cells by ␣Pitx2 IgG, further supporting the direct requirement for Pitx2
Actions of ␤-Catenin in Pitx2 Derepression
Based on the continued acetylation of histone H3 and H4 after CBP/p300 was dismissed ( Figure 6A ), we examin Cyclin D2 gene activation in these cell types ( Figure  5B ). In contrast, in Rat 1 cells, which do not express ined the potential recruitment of the MYST family members of histone acetyltransferases. As shown in Figure  Pitx2 , ␣Pitx2 had no effect on expression of the Cyclin (Ikura et al., 2000) , which does not effectively produce 1999), also appeared to be recruited by 60 min, dismissed at 90 min, and again robustly present at 120 min histone H3 acetylation complexes. The absence of TAP54 and BAF53 suggests that the recruited Tip60 ( Figure 6A ). To evaluate the potential roles of each of the serially complex is distinct from the repair complex ( Figure 6A and data not shown). The recruited TRRAP/Tip60 comrecruited complexes in activation of the Cyclin D2 promoter, single cell nuclear microinjection assays were plex is dismissed by 120 min. In addition to the ability of Pitx2 to interact with ␤-catenin (Figure 5F ), immunoperformed in C2C12 cells ( Figure 6C ). Intriguingly, specific blocking of antibodies against CBP/p300, Tip60, precipitation experiments in C2C12 cells revealed a specific Tip60/Pitx2 interaction at endogenous levels of NLI/Ldb/CLIM, and TRAP/DRIP/ARC entirely inhibited Cyclin D2 promoter activity, as did anti-␤-catenin IgG example because its deletion causes a failure of cell type-specific proliferation at specific stages of develop-( Figure 6C) . Therefore, the temporally specific recruitment of specific coactivator complexes to the Cyclin D2 ment, defining a Wnt-dependent pathway regulating proliferative events in cardiac outflow tract, pituitary, promoter upon binding of Pitx2, appears to be required for activation of the Cyclin D2 gene. As a further control, muscle, and other tissues. This role of Pitx2 may extend to several other tissues, including colon and tooth bud. we show that injection of IgGs did not affect other transcription units (e.g., tk or CMV promoters), confirming Our data are consistent with the postulate that the Wnt/ ␤-catenin → Pitx2pathway regulates cardiac outflow promoter specificity ( Figure 6D and data not shown) .
To utilize an independent method to assess the functract development, in addition to its pivotal role in brain and craniofacial development ( appear to be required for Cyclin D2 activation, whereas the serial recruitment of distinct acetyltransferases may Together, our data suggests that three independent events underlie Pitx2-dependent activation of cell typebe required for acetylation of specific histone residues, as well as to modify non-histone transcriptional compospecific proliferation: Wnt-dependent activation of Pitx2; Wnt and growth factor-dependent relief of Pitx2 nents. These data point to an intriguing cell-specific model repression function; and serial recruitment of a series of specific coactivator complexes that act in a promoterfor coordinated regulation of specific growth control genes, with E2F-independent regulation of Cyclin D2 specific manner, analogous to effects of ␤-catenin on LEF1 (Billin et al., 2000) . occurring in response to signal pathways that induce or control cell-specific factors. In turn, activation of While it is possible that Pitx2 may influence the cell cycle at more than one stage, we have shown that Pitx2
Cyclin D2, as well as Cyclin D1, is required for inactivation of Rb-related pocket proteins that inhibit transcripexerts key actions in early to mid G1 and stimulates expression of specific growth control genes exemplified tion on a series of growth control genes. Induction of Cyclin D2 in cell types not expressing Pitx2 has been by Cyclin D2. The Cyclin D2 promoter intriguingly has not been found to harbor functional E2F sites ( 
